Introduction
============

Vascular endothelial growth factor (VEGF) is crucial for vascular development and stimulates the formation of blood vessels [@B1]. The over-production of VEGF is associated with pathologic angiogenesis supporting tumor growth, acute/chronic inflammation, and proliferative retinopathy [@B1]. VEGF promotes endothelial cell survival, proliferation, migration and invasion [@B2], [@B3], required for the formation, function and maintenance of the vasculature [@B2], [@B3].

Two receptor tyrosine kinase (RTK) receptors have been identified for VEGF (VEGFR1 and VEGFR2). The biological function of VEGF is primarily mediated through the VEGF receptor-2 (VEGFR-2, also known as KDR) [@B1]. VEGF receptor-1 (VEGFR1) has been hypothesized to act as a negative regulator of angiogenesis as it triggers weak signal transduction [@B1], [@B4]. VEGF binding to VEGFR2 leads to tyrosine auto-phosphorylation of VEGFR2 [@B5]-[@B7], followed by the recruitment and activation of several key adaptor proteins, including Shc, growth factor receptor-binding protein 2 (Grb2), Grb-2-associated binder 1 (Gab1), SH2-domain containing protein tyrosine phosphatase 1 (SHP1) and SHP2 [@B5]-[@B7]. Activation of the adaptor proteins stimulates key downstream signaling cascades, including PI3K (phosphoinositide-3 kinase)-Akt-mTOR (mammalian target of rapamycin), Erk-MAPK (mitogen-activated protein kinase) and phospholipase C γ (PLCγ) signaling pathways [@B5]-[@B7], to induce the transcription of multiple angiogenesis-associated genes [@B5]-[@B7].

Recent studies show that VEGFR2 endocytosis is indispensable for VEGFR2 signal transduction [@B8], [@B9]. VEGFR2 internalization is reported to be regulated by Ephrin-B2, and its interacting protein, Dab2 (clathrin-associated protein disabled 2) as well as the cell polarity protein PAR-3 [@B8], [@B9]. The formation of this complex facilitates clathrin-mediated VEGFR2 endocytosis, which is required for downstream signal transduction [@B8], [@B9]. Inhibition of the VEGFR2 endocytosis complex suppresses VEGF-induced signaling and angiogenesis [@B8], [@B9].

The inhibitory subunit of the heterotrimeric guanine nucleotide-binding proteins (G proteins), or the Gαi proteins, have three members, Gαi1, Gαi2, and Gαi3 [@B10]. Gαi proteins couple with GPCRs (G protein coupled receptors) to inhibit adenylate cyclase (AC), leading to decreased cyclic AMP (cAMP) production [@B10]. Our group reported an unconventional function of Gαi1 and Gαi3 in mediating signal transduction of the EGFR (epidermal growth factor receptor) [@B11]. In response to EGF, Gαi1 and Gαi3 are recruited to the EGFR, to mediate downstream PI3K-Akt-mTORC1 signaling transduction [@B11]. In further studies, we show that Gαi1/3 play a pivotal role in the signaling of other RTKs, including fibroblast growth factor (FGFR) [@B12], keratinocyte growth factor receptors (KGFR) [@B13]-[@B15] and brain derived neurotrophic factor (BDNF) [@B16]. The current study aims to understand the potential role of Gαi1/3 in VEGFR2-induced signaling. Our results demonstrate that Gαi1/3 are required for VEGF-induced VEGFR2 endocytosis, signaling and angiogenesis.

Results
=======

Gαi1 and Gαi3 double knockout abolishes VEGF-induced Akt-mTORC1 and Erk activation in mouse embryonic fibroblasts
-----------------------------------------------------------------------------------------------------------------

To examine the potential role of Gαi proteins (Gαi1/3) in VEGF-induced signaling, we utilized Gαi1 and Gαi3 double knockout ("DKO") mouse embryonic fibroblasts (MEFs, an immortalized cell line) [@B11], [@B13], [@B16]. As shown in **Figure [S1](#SM0){ref-type="supplementary-material"}A**, Western blotting assay confirmed Gαi1 and Gαi3 deficiency in the DKO MEFs. Both WT and DKO MEFs were treated with VEGF ("-A", 25 ng/mL). As shown, the level of VEGFR2 expression and VEGF-induced VEGFR2 phosphorylation ("p-", at Tyr-1175) were equivalent between WT and DKO MEFs (**Figure [S1](#SM0){ref-type="supplementary-material"}A**, *P*\>0.05 vs. WT MEFs). However, VEGF-induced downstream Akt activation was almost completely blocked in the DKO MEFs, tested using phospho-specific antibodies against Akt phosphorylation at both Ser-473 and Thr-308 residues (**Figure [S1](#SM0){ref-type="supplementary-material"}B**, *P*\< 0.05 vs. WT MEFs). Verifying the above data, GSK3α/β phosphorylation, a well-known Akt downstream target, was largely inhibited as well (**Figure [S1](#SM0){ref-type="supplementary-material"}B**, *P*\< 0.05 vs. WT MEFs). The expressions of total Akt1/2 and GSK3β in DKO MEFs were comparable to that of the WT MEFs (**Figure [S1](#SM0){ref-type="supplementary-material"}B**).

Similarly, VEGF-induced activation of mTOR complex 1 (mTORC1) was blocked in the DKO MEFs. As shown in **Figure [S1](#SM0){ref-type="supplementary-material"}C**, VEGF-induced phosphorylation of p70 S6 kinase 1("S6K1", at Thr-389), the primary substrate of mTORC1 [@B17], and S6 ribosomal protein ("S6", at Ser-235/236) were significantly increased in the WT MEFs, but not in the DKO MEFs (*P*\< 0.05 vs. WT MEFs). Total S6K1 and S6 protein levels were similar between WT and DKO MEFs (**Figure [S1](#SM0){ref-type="supplementary-material"}C**).

We next examined Erk-MAPK signaling, a keyVEGFR2 downstream signaling pathway [@B7]. VEGF-induced Erk activation, as detected using an antibody against p-Erk1/2 (Thr202/Tyr-204), was largely attenuated in the Gαi1 and Gαi3 DKO MEFs (**Figure [S1](#SM0){ref-type="supplementary-material"}D**, *P*\< 0.05 vs. WT MEFs).

Gαi1 and Gαi3 are required for VEGF-induced Akt-mTORC1 and Erk activation in mouse embryonic fibroblasts
--------------------------------------------------------------------------------------------------------

To study the individual roles of Gαi1 or Gαi3 in VEGF-induced signaling, Gαi1 or Gαi3 single knockout (SKO) MEFs were utilized [@B11]-[@B13], [@B16]. Results show that, in response to VEGF, the phosphorylation of Akt, S6 and Erk1/2 were reduced in the Gαi1 or Gαi3 SKO MEFs (**Figure [1](#F1){ref-type="fig"}A**, *P*\< 0.05 vs. WT MEFs), but completely blocked in the DKO MEFs (**Figure [1](#F1){ref-type="fig"}A**,*P*\< 0.05 vs. WT MEFs). Interestingly, in the MEFs, Gαi3 SKO resulted in a larger reduction of VEGF signaling compared to Gαi1 SKO (**Figure [1](#F1){ref-type="fig"}A**). In contrast to Gαi1 or Gαi3 SKO, Gαi2 SKO showed no significant effect on VEGF-induced signaling (**Figure [1](#F1){ref-type="fig"}B**). VEGF-induced phosphorylation of Akt, S6 and Erk1/2 were equivalent between WT and Gαi2 SKO MEFs (**Figure [1](#F1){ref-type="fig"}B**, *P*\> 0.05 vs. WT MEFs).

To further demonstrate the requirement for Gαi1 and Gαi3 in VEGF-induced signaling, adenovirus Gαi1 construct ("Ad-Gαi1", no Tag) or adenovirus Gαi3 construct ("Ad-Gαi3", no Tag) was exogenously expressed in the DKO MEFs. Western blotting confirmed the expression of exogenous Ad-Gαi1 and Ad-Gαi3 in the DKO MEFs (**Figure [1](#F1){ref-type="fig"}C**). After re-expression of Gαi1 or Gαi3, VEGF-induced Akt-mTORC1 and Erk1/2 activation were partially restored in DKO MEFs (**Figure [1](#F1){ref-type="fig"}D**). These results further demonstrate that Gαi1 and Gαi3 are required for VEGF-induced Akt-mTORC1 and Erk activation in MEFs.

Knockdown of Gαi1/3 inhibits VEGF-induced Akt-mTORC1 and Erk activation in mouse embryonic fibroblasts
------------------------------------------------------------------------------------------------------

We next used a RNA interference (RNAi) strategy to knockdown Gαi proteins in MEFs. Knockdown of Gαi1 or Gαi3 by targeted siRNA resulted in a partial decrease in phosphorylation of Akt (Ser-473), GSK3α/β, S6 and Erk1/2 in response to VEGF (**Figure [S2](#SM0){ref-type="supplementary-material"}A**). Gαi3 siRNA was more potent than Gαi1 siRNA in decreasing VEGF-induced signaling (**Figure [S2](#SM0){ref-type="supplementary-material"}A**, see quantification results). We then knocked down both Gαi1 and Gαi3 in MEFs, using a short hairpin RNA (shRNA) strategy. Gαi1 and Gαi3 shRNA lentivirus were added to WT MEFs, and stable MEFs were selected using puromycin [@B11], [@B13], [@B15], [@B16]. Western blotting results show a substantial knockdown of both Gαi1 (over 95%) and Gαi3 (over 90%) in stable MEFs with the lentivirus (**Figure [S2](#SM0){ref-type="supplementary-material"}B**). Consequently, VEGF-induced phosphorylation of Akt (Ser-473), GSK3α/β, S6 and Erk1/2 were significantly inhibited (**Figure [S2](#SM0){ref-type="supplementary-material"}B**, *P*\< 0.05 vs. scramble control shRNA). Thus, siRNA/shRNA-mediated knockdown of Gαi1/3 inhibits VEGF-induced signaling in MEFs, further supporting a role of Gαi1/3 proteins in VEGFR2 signaling.

RTKs can be trans-activated by ligand-stimulated GPCRs [@B18]. To rule out this possibility, we treated MEFs with pertussis toxin (PTX), which ADP-ribosylates Gαi proteins to interfere with GPCR-dependent signaling. PTX had no effect on VEGF-induced phosphorylation of Akt (473S) and Erk1/2 (**Figure [S2](#SM0){ref-type="supplementary-material"}C**, *P*\>0.05 vs. vehicle control).

Gαi1 and Gαi3 are required for VEGF-induced VEGFR2 endocytosis in mouse embryonic fibroblasts
---------------------------------------------------------------------------------------------

Following VEGF binding, VEGFR2 is endocytosed via the clathrin-mediated pathway [@B8], [@B9], [@B19], [@B20], which is an indispensable step for downstream signal transduction [@B8], [@B9], [@B19], [@B20]. Activated VEGFR2 forms a multi-protein complex with Ephrin-B2 (a B-class ephrin subfamily transmembrane protein), the clathrin-associated protein disabled 2 (Dab2), and the cell polarity regulator PAR-3, resulting in clathrin-mediated VEGFR2 endocytosis [@B8], [@B9], [@B19], [@B20]. In line with these findings, we show that VEGFR2 co-immunoprecipitated with Ephrin-B2, Dab2 and PAR-3 in response to VEGF in WT MEFs (**Figure [2](#F2){ref-type="fig"}A**). Significantly, both Gαi1 and Gαi3 were located in the VEGFR2 endocytosis complex (**Figure [2](#F2){ref-type="fig"}A**). In response to VEGF, Gαi1/3 co-immunoprecipitated with the VEGFR2-Ephrin-B2-Dab2-PAR-3 complex (**Figure [2](#F2){ref-type="fig"}B**). Importantly, VEGF-activated VEGFR2 was unable to form a complex with Ephrin-B2-Dab2-PAR-3 when Gαi1/3 were absent (**Figure [2](#F2){ref-type="fig"}C**, *P*\< 0.05 vs. WT cells). As a result, VEGF-induced VEGFR2 endocytosis, reflected by reduced VEGFR2 expression on the cell plasma membrane, was inhibited in DKO MEFs (**Figure [2](#F2){ref-type="fig"}D**). VEGFR endocytosis complex proteins, Ephrin-B2, Dab2 and PAR-3, were equivalent between WT and DKO MEFs (**Figure [2](#F2){ref-type="fig"}D**).

To further test the role of Gαi proteins in VEGFR endocytosis, an adenovirus dominant negative Gαi3 construct ("DN-Gαi3", tagged with Flag), substituting a conserved Gly(G) residue with Thr (T) in the G3 box of Gαi3 [@B11], [@B13], was introduced into MEFs. This mutation prevents Gαi3 binding to adaptor/associated proteins [@B11], [@B21], [@B22]. We show that forced expression of the DN-Gαi3 disrupted the formation of the VEGFR2 endocytosis complex(VEGFR2-Ephrin-B2-Dab2-PAR-3) in WT MEFs (**Figure [2](#F2){ref-type="fig"}E**). Expression of the endocytosis complex proteins were unchanged by DN-Gαi3 expression (**Figure [2](#F2){ref-type="fig"}E**, "Input"). Consequently, VEGF-induced phosphorylation of Akt and Erk were also inhibited by DN-Gαi3 (**Figure [2](#F2){ref-type="fig"}F**, *P*\< 0.05 vs. vector control). Overall, these results suggest that Gαi1/3 play a key role in the formation of the VEGFR2 endocytosis complex, required for VEGF-induced VEGFR2 endocytosis.

Gab1 lies downstream of Gαi1/3 in VEGFR2 signaling in mouse embryonic fibroblasts
---------------------------------------------------------------------------------

After VEGF stimulation, endocytosed VEGFR2 binds to the key adaptor protein Grb-2-associated binder 1 (Gab1). Gab1-p85 association is required for PI3K-Akt-mTOR activation by VEGFR2 [@B23] and Gab1-SHP2 association is essential for Erk-MAPK activation [@B24]. As Gαi1/3 association with VEGFR2 is required for VEGFR2 endocytosis, we determined whether Gαi1/3 are also required for VEGF-induced Gab1 activation. Performing a titration and time course, we show that VEGF-induced Gab1 activation, tested by examining Tyr-627 phosphorylation, was almost blocked in Gαi1/3 DKO MEFs (**Figure [S3](#SM0){ref-type="supplementary-material"}A-B**). Similarly, knockdown of both Gαi1 and Gαi3 in WT MEFs attenuated Gab1 activation by VEGF (**Figure [S3](#SM0){ref-type="supplementary-material"}C**). Gαi1 or Gαi3 SKO resulted in partial inhibition of Gab1 activation by VEGF (**Figure [S3](#SM0){ref-type="supplementary-material"}D**), and Gαi2 SKO had no significant effect on VEGF-induced Gab1 phosphorylation (**Figure [S3](#SM0){ref-type="supplementary-material"}E**). Notably, VEGF (25 ng/mL)-induced phosphorylation of Akt, S6 and Erk1/2 were almost completely blocked in Gab1 knockout MEFs (**Figure [S3](#SM0){ref-type="supplementary-material"}F**). Abrogation of Gab1 signaling in Gαi1/3-depleted cells could explain the impairment of downstream Akt-mTOR and Erk-MAPK cascades in response to VEGF.

shRNA-mediated knockdown of Gαi1/3 inhibits VEGF-induced VEGFR2 endocytosis and downstream signaling activation in HUVECs
-------------------------------------------------------------------------------------------------------------------------

To study the role of Gαi1 or Gαi3 in VEGFR2 signaling in endothelial cells, a shRNA strategy was applied to knockdown Gαi1/3 in primary cultured human umbilical vein endothelial cells (HUVECs). Gαi1-shRNA and/or Gαi3-shRNA lentivirus were added to primary human HUVECs, and stable cells were selected with puromycin. As shown in **Figure [3](#F3){ref-type="fig"}A**, the applied shRNA lentivirus induced downregulation of Gαi1 (over 90%) and Gαi3 (over 99%) in HUVECs. VEGFR2 expression, Gαi2 expression, and VEGF-induced VEGFR2 phosphorylation were unaffected by Gαi1/3 shRNA (**Figure [3](#F3){ref-type="fig"}A**). VEGF-induced phosphorylation of Gab1, Akt, S6 and Erk1/2 were all decreased in stable HUVECs with Gαi1 or Gαi3 shRNA (**Figure [3](#F3){ref-type="fig"}B**, *P*\< 0.05 vs. control shRNA). Gαi3 shRNA was more potent than Gαi1 shRNA in inhibiting VEGF-induced downstream signalings (**Figure [3](#F3){ref-type="fig"}B**, quantification results). The combined knockdown of Gαi1 and Gαi3 resulted in further inhibition of VEGFR2 signalings (**Figure [3](#F3){ref-type="fig"}B**).

In HUVECs, VEGF-activated VEGFR2 forms an endocytosis complex, as shown by VEGF co-immunoprecipitation with Gαi1, Gαi3, Ephrin-B2, Dab2 and PAR-3 (**Figure [3](#F3){ref-type="fig"}C**). shRNA-mediated knockdown of both Gαi1 and Gαi3 disrupted the VEGFR2 endocytosis complex (VEGFR2-Ephrin-B2-Dab2-PAR-3) (**Figure [3](#F3){ref-type="fig"}C**). Correspondingly, VEGF-induced VEGFR2 endocytosis was inhibited, as the cell plasma membrane VEGFR2 level was not significantly reduced (**Figure [3](#F3){ref-type="fig"}D**). VEGFR2, Ephrin-B2, Dab2 and PAR-3 expressions were unaffected by Gαi1 and Gαi3 double knockdown (**Figure [3](#F3){ref-type="fig"}D**). Significantly, Gαi3 shRNA was more efficient in disrupting VEGF-induced VEGFR2 endocytosis complex (VEGFR2-Ephrin-B2-Dab2-PAR-3) formation than Gαi1 shRNA (**Figure [3](#F3){ref-type="fig"}C**). On the other hand, forced over-expression of Gαi3 (an adenovirus construct ("Ad-Gαi-3-Flag" [@B16]) in HUVECs increased the phosphorylation of Akt (Ser-473) and Erk1/2 in response to VEGF (**Figure [3](#F3){ref-type="fig"}E**, *P*\< 0.05 *vs.* empty vector cells). Together, these results indicate that Gαi1/3 are required for VEGF-induced signaling in HUVECs.

shRNA-mediated knockdown of Gαi1/3 inhibits VEGF-induced proliferation, invasion, migration and vessel-like tube formation in HUVECs
------------------------------------------------------------------------------------------------------------------------------------

We next tested the potential role of Gαi1 and Gαi3 in endothelial cell function *in vitro*. Activation of VEGFR2 promotes endothelial cell invasion, migration, proliferation and angiogenesis [@B6]. Treatment with VEGF (10/25 ng/mL) promoted the proliferation of control HUVECs, reflected by an increase of BrdU ELISA optical density (OD) (**Figure [4](#F4){ref-type="fig"}A**) and MTT OD (**Figure [4](#F4){ref-type="fig"}B**). Significantly, the combined knockdown of Gαi1 and Gαi3 by targeted shRNA lentivirus (see **Figure [3](#F3){ref-type="fig"}**) inhibited VEGF-induced HUVEC proliferation (**Figure [4](#F4){ref-type="fig"}A-B**, *P*\< 0.05 vs. control shRNA). In the process of neovascularization, newly-generated endothelial cells migrate to form vessel-like tube structures [@B25], [@B26]. As shown in **Figure [4](#F4){ref-type="fig"}C**, a Transwell invasion assay demonstrates that VEGF stimulation can promote the invasion of HUVECs, which was significantly inhibited by Gαi1 and Gαi3 shRNA (**Figure [4](#F4){ref-type="fig"}C-D**, *P*\< 0.05 vs. control shRNA). Furthermore, results using a "scratch wound healing" assay, **Figure [4](#F4){ref-type="fig"}E,** show that Gαi1 and Gαi3 knockdown significantly decreased VEGF-induced HUVEC migration distance (**Figure [4](#F4){ref-type="fig"}F**, *P*\< 0.05 vs. control shRNA). A scramble control shRNA ("scr-shRNA") had no effect on HUVEC proliferation (**Figure [4](#F4){ref-type="fig"}A-B**) nor migration (**Figure [4](#F4){ref-type="fig"}C**-**F**). VEGF-induced HUVEC tube formation, tested by an *in vitro* Matrigel-based capillary-genesis assay, was dramatically inhibited by Gαi1 and Gαi3 shRNA (**Figure [4](#F4){ref-type="fig"}G-H**). Notably, Gαi3 shRNA was more potent than Gαi1 shRNA in inhibiting VEGF-induced cell proliferation (**Figure [S4](#SM0){ref-type="supplementary-material"}A-B**), migration (**Figure [S4](#SM0){ref-type="supplementary-material"}C**) and vessel-like tube formation (**Figure [S4](#SM0){ref-type="supplementary-material"}D**). Together, the functional studies show that Gαi1/3 shRNA inhibits VEGF-induced proliferation, invasion, migration and vessel-like tube formation in HUVECs.

Gαi1 and Gαi3 shRNA inhibits *in vivo* angiogenesis
---------------------------------------------------

Alkali injuries are common to the human cornea, resulting in angiogenic responses. An alkali burn will lead to over-production of VEGF, which induces endothelial cell proliferation and corneal neovascularization ("CoNV") (see our previous study [@B27]). Seven days after alkali burn, a significant CoNV was detected in the burned mouse cornea (**Figure [5](#F5){ref-type="fig"}A**), which was largely inhibited by eyedrops of Gαi1 and Gαi3 shRNA lentivirus (**Figure [5](#F5){ref-type="fig"}A-B**) (*P*\< 0.05 vs. control shRNA, n=10). We also examined the effects of Gαi1 and Gαi3 shRNA lentivirus on the oxygen-induced retinopathy (OIR) model, an *in vivo* retinal angiogenesis model [@B28]. Mice at P12 were exposed to 75% oxygen in a hyperoxic chamber for 5 days, which leads to inhibition of the vasculature in the central retina, causing a central avascular area. The return of mice to normoxic conditions (21% oxygen) results in a massive production of VEGF [@B28], [@B29]. This causes a retinal vasculature proliferative response, leading to revascularization of the central avascular area, reflected by the development of pathological neovascular tufts on the vitreal side of the internal limiting membrane.

We observed a significant retinal neovasculation in mice exposed to OIR (**Figure [5](#F5){ref-type="fig"}C**). OIR-induced retinal angiogenesis was quantified via reduction of retinal vaso-obliteration (VO%) using the previously described method [@B29]. As shown, intravitreal injection of scramble shRNA only slightly inhibited normal retinal vascular development and OIR-induced retinal angiogenesis (P17, as compared to retinas without shRNA injection ("No shRNA") (**Figure [5](#F5){ref-type="fig"}C-D**). Significantly, OIR-induced retinal angiogenesis was almost completely blocked by Gαi1 shRNA and Gαi3 shRNA (**Figure [5](#F5){ref-type="fig"}C-D**) (*P*\< 0.05 vs. control shRNA, n=10). Gαi1 shRNA and Gαi3 shRNA injection also inhibited normal retinal vascular development (**Figure [5](#F5){ref-type="fig"}C-D**). The results are in line with the known function of VEGF signaling for the vascular development process [@B30], [@B31]. Together, these results indicate that Gαi1 and Gαi3 shRNA inhibits *in vivo* angiogenesis.

The retinal tissues of control (normoxia) and OIR model mice (four mice per group) were isolated and analyzed biochemically. As shown in **Figure [5](#F5){ref-type="fig"}E**, Gαi1 and Gαi3 shRNA caused over 95% reduction of Gαi1 and Gαi3 expression in the mouse retinas (as compared to the control shRNA retinas). Gαi2 expression was unchanged (**Figure [5](#F5){ref-type="fig"}E**). Gαi1 and Gαi3 shRNA had no effect on VEGFR2 expression and OIR-induced VEGFR2 phosphorylation (**Figure [5](#F5){ref-type="fig"}E**) but resulted in over 90% inhibition of downstream Akt, S6K1 and Erk1/2 phosphorylation (as compared to the control shRNA retinas, **Figure [5](#F5){ref-type="fig"}F**). Thus, Gαi1 and Gαi3 shRNA inhibited Akt and Erk1/2 activation in retinal tissues of OIR mice.

*In vivo* angiogenesis is impaired in Gαi1 and Gαi3 DKO mice
------------------------------------------------------------

We generated Gαi1/Gαi3 DKO mice using the CRISPR-Cas-9 method (see our previous study [@B16]). The alkali burn induced significant CoNV in the wild type ("WT") mice (**Figure [6](#F6){ref-type="fig"}A**), whereas neovascularization was largely attenuated in the DKO mice (**Figure [6](#F6){ref-type="fig"}A-B**, *P*\< 0.05 vs. WT mice). Similarly, examining the OIR mice, we show that OIR-induced retinal neovasculation observed in the WT mice (**Figure [6](#F6){ref-type="fig"}C**), was almost completely blocked in the DKO mice (**Figure [6](#F6){ref-type="fig"}C-D**, *P*\< 0.05 vs. WT mice). Further, normal retinal physiological angiogenesis was also inhibited in Gαi1 and Gαi3 DKO mice at P12 and P17 (**Figure [6](#F6){ref-type="fig"}C-D**). When analyzing signaling changes in the retinal tissues (four mice per group), we show that Gαi1/Gαi3 DKO (**Figure [6](#F6){ref-type="fig"}E**) blocked OIR-induced Akt, S6K1 and Erk1/2 phosphorylation *in vivo* (**Figure [6](#F6){ref-type="fig"}F**). VEGFR2 expression and OIR-induced VEGFR2 phosphorylation, as well as Gαi2 expression, were equivalent between WT and DKO mice (**Figure [6](#F6){ref-type="fig"}E**). The genetic evidence further confirm that Gαi1 and Gαi3 are required for angiogenesis and VEGF signaling *in vivo*.

Gαi1 and Gαi3 upregulation in proliferative retinal tissues in PDR patients
---------------------------------------------------------------------------

VEGF is considered one primary factor involved in neovascularization in the proliferative diabetic retinopathy (PDR) [@B32]. Increased level of VEGF has been reported in the vitreous and fibro-vascular tissues from eyes with PDR [@B33]. We thus investigated whether Gαi1 and Gαi3 are dysregulated in the proliferative retinas of human patients. As described, a total of six retinal proliferative membrane tissues from PDR patients as well as three retinas from age-matched traumatic retinectomy patients were tested. Expression of Gαi1 and Gαi3 in human retinal tissues was tested by the Western blotting assay and quantitative real-time PCR assay (qRT-PCR) assay. Results in **Figure [7](#F7){ref-type="fig"}A** (the left panel) demonstrate that Gαi1 and Gαi3 proteins were clearly upregulated in the proliferative retinal tissues (*P*\< 0.05, as compared to the retinas from control patients). Furthermore, *Gαi1* and *Gαi3 mRNA* were also increased in proliferative retinal tissues of PDR patients (*P*\< 0.05, as compared to the retinas from control patients) (**Figure [7](#F7){ref-type="fig"}A**, right panel). However, Gαi2 expression was equivalent between the two groups (**Figure [7](#F7){ref-type="fig"}A**). Further analysis of the retinal tissues shows that phosphorylation of Akt, S6K1 and Erk1/2 were significantly increased in the proliferative retinal tissues of PDR patients (**Figure [7](#F7){ref-type="fig"}B**, *P*\< 0.05). Collectively, the results show that Gαi1/3 upregulation in proliferative retinal tissues of PDR patients is correlated with Akt-mTOR and Erk1/2 over-activation, indicating a potential role of Gαi1/3 in the pathogenesis of PDR.

Discussion
==========

In the pathogenesis of proliferative retinopathy, expression of VEGF and binding to the VEGFR2 receptor leads to receptor endocytosis and activation of multiple downstream signal pathways, including Erk, PI3K-Akt-mTOR, and PLCγ [@B34], [@B35]. Activation of these cascades promotes vascular cell proliferation, migration and vascularization [@B34], [@B35]. While bevacizumab and other VEGFR2 antibodies have displayed some success in treating proliferative retinopathy diseases, a large proportion of patients either develop resistance or do not respond well to VEGFR inhibition [@B34], [@B36]. A better understanding of the underlying mechanisms of VEGFR2 signaling is essential to develop novel and effective therapeutic strategies.

Our results provide compelling evidence that Gαi1 and Gαi3 are essential players in VEGFR2 signaling. Knockout or shRNA knockdown of Gαi1 and Gαi3 significantly inhibited VEGF-induced Akt-mTORC1 and Erk activation in MEFs. Re-expression of Gαi1 or Gαi3 restored VEGFR2 signaling in DKO MEFs. Using primary cultured HUVECs, shRNA-mediated knockdown of Gαi1 and/or Gαi3 also inhibited Akt-mTORC1 and Erk activation in response to VEGF. In contrast, ectopic overexpression of wild-type Gαi3 resulted in enhancement of VEGF-induced Akt-mTORC1 and Erk activation in the vascular cells. Activated VEGFR2 recruits Gab1, causing its phosphorylation and activation [@B23], [@B24], [@B37], and Gab1 recruitment of additional adaptor proteins [@B23], [@B24], [@B37]. Gαi1/3 knockout/knockdown largely attenuated VEGF-induced Gab1 activation in HUVECs and MEFs.

Mechanistically, we show that Gαi1 and Gαi3 are required for VEGF-induced VEGFR2 endocytosis. Following VEGF treatment, VEGFR2 is internalized within the clathrin-coated vesicles, an indispensable step for VEGF-induced signaling activation [@B9], [@B19]. In response to VEGF stimulation, we show that Gαi1 and Gαi3 co-immunoprecipitated with the VEGFR2 endocytosis complex (VEGFR2-Ephrin-B2-Dab2-PAR-3) in MEFs and HUVECs. Depletion, knockdown or mutation of Gαi1/3 disrupted the VEGF-induced VEGFR2 endocytosis complex formation. Further, Gαi1/3 silencing inhibited VEGF-induced VEGFR2 endocytosis, and VEGF-induced *in vitro* and *in vivo* angiogenesis as well as proliferation, migration, invasion and vessel like tube-formation of HUVECs. Hence, Gαi1 and Gαi3 are essential players in VEGF signaling possibly via facilitating VEGFR2 endocytosis.

Other studies have found that VEGFR2 can also be internalized through a clathrin-independent alternative route [@B38], [@B39]. VEGFR2 degradation persists even when the clathrin pathway is blocked. Macropinocytosis of VEGFR2 was also reported, and VEGF-induced VEGFR2 endocytosis was largely inhibited by EIPA, a commonly used inhibitor of macropinocytosis [@B38], [@B39]. Inhibition of macropinocytosis of VEGFR2 was also shown to inhibit VEGFR2 downstream signaling, including Akt and Erk cascades [@B38], [@B39]. We show that VEGF-induced VEGFR2 endocytosis and downstream signaling activation were blocked by Gαi1/3 knockout/knockdown. Thus, it is possible that Gαi1/3 could be required for both clathrin-dependent and -independent VEGFR2 endocytosis routes, to mediate downstream signaling transduction.

Importantly, Gαi1 and Gαi3 are upregulated in proliferative retinal tissues of PDR patients, and their upregulation is correlated with over-activation of Akt-S6K1 and Erk. In the animal models of OIR and alkali burn-induced neovascularization, Gαi1 and Gαi3 shRNA or knockout significantly inhibited angiogenesis *in vivo*. The present work suggests that inhibition of Gαi1 and Gαi3 in endothelial cells could provide a novel approach for the treatment of PDR and other proliferative retinal diseases.

Methods
=======

Ethics
------

The study was approved by the Ethics Review Board of all authors\' institutions.

Materials
---------

Pertussis toxin (PTX) was purchased from Sigma (Shanghai, China). VEGF (-A), EGF and platelet-derived growth factor (PDGF)-BB were provided by Calbiochem (Shanghai, China). Puromycin was purchased from Sigma-Aldrich (Shanghai, China). The cell culture reagents were provided by Gibco BRL (Shanghai, China). The antibodies utilized in this study were provided by Cell Signaling Tech (Shanghai, China) and Santa Cruz Biotech (Santa Cruz, CA).

Cell Culture
------------

Wild-type (WT), Gαi1 and Gαi3 double-knockout (DKO), Gαi1, Gαi2 or Gαi3 single-knockout (SKO) mouse embryonic fibroblasts (MEFs), as well as WT and Gab1 KO MEFs were described previously [@B11], [@B13], [@B14]. Culture of human umbilical vein endothelial cells (HUVECs) was described previously [@B27]. Cells were starved in 0.5% FBS medium overnight before any treatment.

Gαi1/3 shRNA *in vitro*
-----------------------

HUVECs were seeded onto six-well tissue culture plates (Corning, Shanghai, China) at 60% confluence. Lentivirus (20 μL virus per mL medium) containing shRNA of human Gαi1 (sc-105382-V) (Santa Cruz, CA) and/or human Gαi3 (sc-29325-V) (Santa Cruz, CA) was added. After 24 h, HUVECs with the target shRNA were selected by puromycin (1.0 μg/mL). The culture medium was replaced with fresh puromycin-containing culture medium every 2 days until resistant colonies were formed (7-8 days). The expression of Gαi1/3 in stable HUVECs was detected by Western blotting assay. Control HUVECs were infected with scramble non-sense shRNA lentiviral particles (Santa Cruz). The protocol of Gαi1 and Gαi3 shRNA in the WT MEFs was reported early [@B13], [@B14], [@B16].

Gαi1/3 adenovirus constructs
----------------------------

For adenovirus production, Gαi3 was amplified by RT-PCR. The full-length Gαi1/ Gαi3 cDNA was provided by Genepharm (Shanghai, China). The Gαi3(G202T) ("DN-Gαi3") cDNA was also synthesized by Genepharm (Shanghai, China). The Gαi PCR fragment was sub-cloned into the BamHI/AgeI site of the of the pDC315 plasmid (with/out Flag tag) to produce pDC315-Gαi1/3. Using Lipofectamine 2000, HEK293 cells were transfected with pDC315-Gαi3 and pBHG lox ΔE1,3 Cre plasmid (from Genepharm, Shanghai, China) was used as the helper plasmid to generate the recombinant adenovirus, Ad-Gαi1/3, and the supernatant was harvested after one week. After viral amplification (3x), the supernatant was purified using an Adeno-X Virus Purification kit. To titer the virus, serially diluted adenovirus was used to transduce HEK293 cells. After one week, the labeled HEK293 cells were counted to calculate the viral titer (2.5×10^10^ pfu/mL). Ad-Gαi1/3 was added to cultured cells.

Tube formation assay
--------------------

HUVECs (1×10^3^ cells/well) were seeded onto 24-well tissue-culture plates, pre-coated with basement membrane matrix (BD Biosciences, Shanghai, China). Cells were then treated with VEGF for 24 h. Tube formation was photographed under an Olympus IX-73 microscope.

Generation of Gαi1/3 DKO mice
-----------------------------

The generation of Gαi1/3DKO mice by the CRISPR-Cas9 method was described in detail in our previous study [@B16].

Oxygen-induced retinopathy (OIR) model
--------------------------------------

Briefly, newborn mice at P7 and their nursing mothers were exposed to 75% oxygen for 5 days, and then returned to room air for 5 days. The lentiviral GV493 Gαi3 shRNA, and the lentiviral GV493 murine Gαi1 shRNA were synthesized by Genepharma (Shanghai, China). Animals were anesthetized in 3% isoflurane in oxygen and injected intravitreally at P12 with Gαi1/3 shRNA lentivirus (1 μL volume per eye, injection within 20s) using a Hamilton syringe. Retinas were observed at P12/17. Mice were observed extremely carefully throughout the experimental period. The protocol was approved by the Soochow University Institutional Animal Care and Use Committee (IACUC) and Ethics Review Board (ERB).

Mice pups were fully anesthetized in 3% isoflurane in oxygen, then decapitated [@B40]. Eyes were enucleated and fixed in 4% paraformaldehyde solution for 1 h. Retinas were dissected and stained overnight at 4°C with FITC-conjugated lectin, isolectin B4 (Abcam, Shanghai, China, at 1:100). Retinas were whole mounted onto microscopy slides (Thermo Fisher Shanghai, China), which were then imaged at 10× using a Zeiss confocal microscope. Images were merged into a single file using the AxioVision software (Zeiss). Quantification of neovascularization was assessed using the SWIFT_NV methods as previously described [@B41].

Corneal alkali burn mouse model
-------------------------------

As described previously [@B27], the mice ocular surface was rinsed with 20 mL of 0.9% saline solution for 1 min. Then, eyedrops of shRNA lentivirus (2 μL per eye) were instilled onto the alkali-burned eyes. Seven days after the alkali burn, the mice were euthanized and corneal neovascularization ("CoNV") was observed.

Quantitative real-time PCR (qRT-PCR)
------------------------------------

qRT-PCR protocols using ABI Prism equipment and the SYBR Green PCR kit were performed using well-established methods, as previously described [@B14], [@B42]. *Gαi1/2/3* mRNA expressions were quantified using the ^ΔΔ^Ct protocol [@B14] and *GAPDH* as the internal control [@B42].

Additional assays
-----------------

Western blotting assay and data quantification, co-immunoprecipitation (IP) assay, MTT cell proliferation assay, Transwell migration assay, Scratch wound healing assay, and BrdU incorporation ELISA assay were described in detail in our previous studies[@B11], [@B16], [@B43]-[@B46]. For all Western blotting assays, the same sets of lysate samples were run in sister gels to test different proteins. For each lane, the exact amount of protein lysates was loaded.

Plasma membrane fractionation
-----------------------------

Plasma membranes were isolated as described in our previous studies [@B16].

Human retinas
-------------

A total of six (6) proliferative diabetic retinopathy (PDR) patients with lensectomy combined with vitrectomy surgery as well as three (3) age-matched traumatic retinectomy patients were enrolled. The anterior retinal hyperplastic membrane of PDR patients was stripped and immediately kept in lipid nitrogen for further analysis. The surgery-removed traumatic normal retinas were preserved as the control tissues. Written informed consent was obtained from each participant for clinical sample collection. The protocol was conducted according to the principles expressed in the Declaration of Helsinki and was approved by the Ethics Board of all authors\' institutions.

Statistical analysis
--------------------

All experiments were repeated at least three times; similar results were obtained in each case. The data presented in this study are expressed as mean ± standard deviation (SD). Comparison between any two groups was by two-tailed unpaired *t-*test for normally distributed data or nonparametric Mann-Whitney *U*-test for non-normally distributed data. Multiple group comparison was done by one-way analysis of variance (ANOVA) for data with a normal distribution. The Kruskal-Wallis test was used for data with non-normal distributions. Values of *P*\< 0.05 were considered statistically significant.
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![**Gαi1 and Gαi3 are required for VEGF-induced Akt-mTORC1 and Erk activation in mouse embryonic fibroblasts. (A-B)** WT MEFs, Gαi1 or Gαi3 single knockout (SKO) MEFs, Gαi2 SKO MEFs, and Gαi1/3 double knockout (DKO) MEFs were treated with VEGF ("-A", 25 ng/mL) for indicated times, and were tested by Western blotting assay of listed proteins. **(C-D)** DKO MEFs were transiently transfected with the vector encoding Ad-Gαi1, Ad-Gαi3 or empty vector (pDC315); VEGF ("-A", 25 ng/mL)-induced signaling was tested. The same sets of lysate samples were run in sister gels to test different proteins (same for all figures). Indicated protein was quantified via ImageJ software (same for all figures). "n=5" means quantification from five replicate blot data (same for all figures). Bars stand for mean ± SD (same for all Figures).\**P*\< 0.05 vs. WT MEFs. ^\#^*P*\< 0.05 in (A). ^\#^*P*\< 0.05 vs. Vector MEFs in (D).](thnov08p4695g001){#F1}

![**Gαi1 and Gαi3 are required for VEGF-induced VEGFR2 endocytosis in mouse embryonic fibroblasts. (A-B)** WT MEFs were treated with VEGF ("-A", 25 ng/mL) for indicated times; associations between VEGFR2, p-VEGFR2, Ephrin-B2, Dab2, PAR-3, Gαi1 and Gαi3 were tested by co-immunoprecipitation ("IP") assay. **(C)** WT and DKO MEFs were treated with VEGF ("-A", 25 ng/mL) for 5 min;VEGFR2, p-VEGFR2, Ephrin-B2, Dab2, PAR-3, Gαi1 and Gαi3 associations are shown. **(D)** The expressions of listed proteins in WT and DKO MEFs, treated with/out VEGF ("-A", 25 ng/mL) for 5 min, were tested by Western blotting assay. **(E)** Stable WT-MEFs with empty vector ("Vec") or dominant negative Gαi3 (G202T) ("DN-Gαi3") were treated with VEGF ("-A", 25 ng/mL) for 5 min; associations between VEGFR2, Ephrin-B2, Dab2, PAR-3 and Gαi3 were tested by co-immunoprecipitation ("IP") assay. **(F)** The expressions of listed proteins in total cell lysates were also tested.\**P*\< 0.05 vs. WT MEFs in (C). ^\#^*P*\< 0.05 vs. untreated control ("C") cells in (D). ^\#^*P*\< 0.05 vs. "Vec" in (E-F).](thnov08p4695g002){#F2}

![**shRNA-mediated knockdown of Gαi1/3 inhibits VEGF-induced VEGFR2 endocytosis and downstream signaling activation in HUVECs. (A-B)** Stable HUVECs, expressing scramble control shRNA ("scr-shRNA"), Gαi1 shRNA, Gαi3 shRNA or Gαi1 plus Gαi3 shRNA, were treated with VEGF ("-A", 25 ng/mL) for indicated times, and were tested by Western blotting assay of the listed proteins. **(C)** VEGFR2 associations with Ephrin-B2, Dab2 and PAR-3 as well as Gαi1 and Gαi3 were tested by co-immunoprecipitation assay. **(D)** VEGFR2 expression in cell plasma membrane and in total cell lysates, along with the VEGFR2 endocytosis complex protein in total cell lysates were also tested. **(E)** Stable HUVECs expressing WT-Gαi3 (Ad-Gαi3) or the empty vector ("pDC315"), were treated with VEGF ("-A", 25 ng/mL) for indicated times, and were tested by Western blotting assay of the listed proteins.\**P*\< 0.05 vs. HUVECs with "scr-shRNA" (B-C).^\#^*P*\< 0.05in (B). ^\#^*P*\< 0.05 vs. "C" in (D).^\#^*P*\< 0.05 in (E).](thnov08p4695g003){#F3}

![**shRNA-mediated knockdown of Gαi1/3 inhibits VEGF-induced proliferation, invasion, migration and vessel-like tube formation in HUVECs.** Stable HUVECs, expressing scramble control shRNA ("scr-shRNA") or lentiviral Gαi1 plus Gαi3 shRNA, were treated with/without VEGF ("-A", 10/25 ng/mL) for indicated times. Cell proliferation was tested by BrdU ELISA assay **(A)** and MTT OD assay **(B)**. Cell invasion and migration were tested by Transwell assay **(C-D)** and scratch wound healing assay **(E-F)**, respectively. HUVEC vessel-like tube formation was tested by the Matrigel-based capillary-genesis assay **(G-H)**. For the Transwell assay, ten random views of each condition were included to calculate the average number of invaded cells. For the scratch wound healing assay assay, ten random views of each condition were included to calculate the average migration distance. For the vessel-like tube formation assay, 25 random views were included to calculate the average number of formed vessels. ^\#^*P*\< 0.05. Bar=100 μm.](thnov08p4695g004){#F4}

![**Gαi1 and Gαi3 shRNA inhibits in vivo angiogenesis.** Eight-week-old male mice who had received a corneal alkali burn were treated with Gαi1 and Gαi3 shRNA lentivirus or scramble control shRNA (scr-shRNA). On day 7, corneal neovascularization (CoNV) was observed by slit-lamp **(**A, bar=1 mm**)**, and neovascularization was quantified **(B)**. **(C-D)** Mice injected with Gαi1 and Gαi3 shRNA lentivirus at P12 in the OIR model following removal from a 75% oxygen chamber had a significantly increased retinal vaso-obliteration ratio (VO%) on P17 than littermates injected with scramble control shRNA (scr-shRNA) (Bar=500 μm). Gαi1 and Gαi3 shRNA injection inhibited normal retinal vascular development at P17 as well. **(E-F)** Expressions of listed proteins in the retinal tissues of listed groups are shown. "No shRNA" stands for no shRNA lentivirus injected. ^\#^*P*\< 0.05 in (E-F).](thnov08p4695g005){#F5}

![***In vivo* angiogenesis is impaired in Gαi1 and Gαi3 DKO mice.** Eight-week-old wild-type ("WT") and Gαi1 and Gαi3 double knockout ("DKO") mice received a corneal alkali burn. On day 7, corneal neovascularization (CoNV) was observed by slit-lamp **(**A, bar=1 mm**)**, and neovascularization was quantified **(B)**. **(C-D)** Mice were subjected to OIR; representative images are shown at P12/P17, and retinal vaso-obliteration ratios (VO%) were quantified. Normal retinal physiological angiogenesis was inhibited in the DKO mice at P12 and P17 (Bar=500 μm). **(E-F)** Expressions of listed proteins in the retinal tissues of listed groups are shown. ^\#^*P*\< 0.05.](thnov08p4695g006){#F6}

![**Gαi1 and Gαi3 upregulation in proliferative retinal tissues of PDR patients.** The proliferative retinal membrane of six proliferative diabetic retinopathy (PDR) patients and retinas of three age-matched traumatic retinectomy patients were homogenized, and lysates were tested by Western blotting assay of the listed proteins **(A-B)** and Gαi/2/3 mRNAs (**A**, right panel). Expressions of the listed proteins were quantified using ImageJ software.\**P*\< 0.05.](thnov08p4695g007){#F7}
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